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Microbiological contamination of process waters is a current issue for pharmaceutical industries. Traditional methods require
several days to obtain results; therefore, rapid microbiological methods are widely requested to shorten time-to-result. Milliﬂex
Quantum was developed for the rapid detection and enumeration of microorganisms in ﬁlterable samples. It combines membrane
ﬁltration to universal ﬂuorescent staining of viable microorganisms. This new alternative method was validated using European
and United States Pharmacopeia deﬁnitions, with sterile water and/or sterile water artiﬁcially contaminated with microorganisms.
The Milliﬂex Quantum method was demonstrated to be reliable, robust, speciﬁc, accurate, and linear over the whole range of
assays following these guidelines. The Milliﬂex Quantum system was challenged to detect natural contaminants in diﬀerent types
of pharmaceutical puriﬁed process waters. Milliﬂex Quantum was demonstrated to detect accurately contaminants 3- to 7-fold
faster than traditional membrane ﬁltration method. The staining procedure is nondestructive allowing downstream identiﬁcation
following a positive result. The Milliﬂex Quantum oﬀers a fast, sensitive, and robust alternative to the compendial membrane
ﬁltration method.
1.Introduction
Microbiological contamination of process waters is a key
issue for pharmaceutical, biotechnology, and food and
beverage industries. Traditional methods are the reference
for the control of microbiological quality of water as they are
reliable, easy to use and allow microorganisms identiﬁcation.
Nevertheless, these methods are time-consuming and labor-
intensive. Moreover, they depend on the ability of microor-
ganisms to yield visible colonies after an incubation period
of typically 3 days that can go up to 14 days (European
and United States Pharmacopeia). This long time-to-result
is a concern for industries as improvement in processes and
products requires faster methods to control microbiological
quality. Therefore, over the past 25 years, many technologies
have been developed to reduce the time-to-result. These new
alternative rapid methods have to be sensitive, accurate, and
cost-eﬀective. The most studied and used technologies are
polymerasechainreaction(PCR),impedimetry,biolumines-
cence, enzyme-linked immunosorbent assay (ELISA), ﬂow
cytometry (FCM), and solid-phase cytometry (SPC) [1–3].
The Milliﬂex Quantum (Millipore, Molsheim, France) is
a new system developed for the rapid detection and enumer-
ation of microorganisms in ﬁlterable samples. It combines
membrane ﬁltration and ﬂuorescent staining, which are
two proven and widely used technologies. The detection is
based on a universal enzymatic ﬂuorescent staining of viable
microorganisms. The staining procedure is nondestructive
allowing downstream identiﬁcation following a positive
result.
This paper describes the validation of the performances
of the Milliﬂex Quantum method. The study was done ac-
cording to deﬁnitions for the validation of a quantitative
estimation of viable microorganisms in a sample from Euro-
pean (chapter 5.1.6.) and United States (chapter <1223>)
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range, limit of quantiﬁcation, limit of detection, and speci-
ﬁcity of the method were assessed with sterile water and/or
sterile water artiﬁcially spiked with microorganisms. The
Milliﬂex Quantum method was also challenged to detect
natural contaminants in diﬀerent types of pharmaceutical
process waters. All results obtained with Milliﬂex Quantum
method were compared to the traditional membrane ﬁltra-
tion method.
2.MaterialsandMethods
2.1. Media. Preﬁlled Tryptic Soy Agar plates (TSA, Milli-
p o r e ) ,R 2 Ap l a t e s( M i l l i p o r e ) ,a n dS a b o u r a u dD e x t r o s eA g a r
plates (SDA, Millipore) were used to promote growth of
microorganisms.
2.2. Microorganisms Strains. The following American-Type
Culture Collection (ATCC) strains were used to validate
the Milliﬂex Quantum method: Candida albicans ATCC
10231, Aspergillus brasiliensis ATCC 16404, Staphylococcus
epidermidis ATCC 12228, Ralstonia pickettii ATCC 27511,
BrevundimonasdiminutaATCC19146,Staphylococcusaureus
ATCC 6538, Pseudomonas aeruginosa ATCC 9027, Bacillus
subtilis ATCC 6633, and Escherichia coli ATCC 8739. An
environmental isolate of Caulobacter sp. was also tested with
Milliﬂex Quantum. The cultures were maintained at −80◦C
in Tryptic Soy Broth (TSB; BioM´ erieux, Craponne, France)
with 5% (v/v) glycerol (Sigma-Aldrich, St. Quentin Fallavier,
France) in 0.5mmol L−1 HEPES buﬀer (Sigma-Aldrich).
2.3. Milliﬂex Quantum Method. The procedure used is as
described by Baumstummler et al. [4]. Brieﬂy, samples were
ﬁltered through mixed cellulose ester membranes and mem-
branes were placed onto media agar plates and incubated at
temperatures recommended by Pharmacopeia or at optimal
growth temperatures. After incubation, membranes were
stained for 30min and placed in the Milliﬂex Quantum
reader for counting ﬂuorescent microcolonies. Membranes
were reincubated onto media agar plates for visual counting
of colony-forming unit (CFU), viability assessment, and
contaminants identiﬁcation. The compendial method was
performed in parallel.
Fluorescence counts and CFU counts obtained after
reincubationwerecomparedtothecompendialmethod.The
ﬂuorescence recovery and viability recovery were calculated
as follows:
Fluorescence recovery (%)
=
Fluorescence count
Compendial method count
×100,
Viability recovery (%)
=
CFU count after reincubation
Compendial method count
×100.
(1)
Acceptancecriterionfortheseparameterswassettoequal
to or higher than 70% (European Pharmacopeia chapter
5.1.6. and United States Pharmacopeia chapter <1223>).
2.4. Milliﬂex Quantum Method Validation
2.4.1. Statistical Analysis. An Anderson-Darling test or a
Goodness-Of-Fit Chi2-test was used to determine if data
obtained with the Milliﬂex Quantum method and with the
compendial method follow a normal distribution. When
data are normally distributed (Anderson-Darling P value ≥
0.1;Chi2-value ≤4.61fora5classesdistribution;Chi2-value
≤ 2.71 for a 4 classes distribution), a one-way analysis of
variance (ANOVA), a Student’s two samples t-test or a Chi2-
test was performed to compare results obtained with both
methods. All statistical analysis were carried out using the
Minitab Statistical Software (version 14; Minitab Inc., State
College, PA, USA) except the Goodness-Of-Fit Chi2-test
which was performed with Microsoft Oﬃce Excel (version
2003; Microsoft, Redmond, WA, USA).
2.4.2. Negative Controls. Negative controls were carried out
in parallel of microorganisms testing. One hundred mL of
0.9% NaCl water (B. Braun Medical, Boulogne Billancourt,
France) was ﬁltered, incubated, and analyzed in the same
conditions as samples containing microorganisms.
2.4.3. Incubation Time Robustness. Spiked samples were ﬁl-
tered, and membranes were incubated during various times
before being stained following the Milliﬂex Quantum pro-
tocol as described previously. Membranes were reincubated
to assess viability. Incubation conditions used were those
required for the microbiological examination of nonsterile
products in chapters of European (2.6.12. and 2.6.13.) and
United States (<61> and <62>) Pharmacopeia. Fluorescence
and viability recoveries were determined in comparison with
the compendial method. An ANOVA was used to assess the
time range for stable enumeration with Milliﬂex Quantum.
2.4.4. Ruggedness. The eﬀect of using diﬀerent media lots,
membrane lots, reagent lots, analysts, and instruments was
assessed. Candida albicans and Ralstonia pickettii, spiked
separately in sterile water, were detected using 2 diﬀerent
lots of either membranes or reagents. Moreover, ruggedness
of media was evaluated on TSA with Bacillus subtilis and
Escherichia coli,o nS D Aw i t hCandida albicans and on
R2A with Ralstonia pickettii. For each ruggedness test, two
diﬀerent test runs were performed. Each run was tested
by a diﬀerent analyst, with a diﬀerent set of instruments.
Fluorescence and viability recoveries were calculated, and
ANOVA was performed to check if recoveries corresponding
to the diﬀerent tested conditions were not statistically
diﬀerent (P value ≥ 0.05).
2.4.5. Accuracy, Linearity, Range, and Limit of Quantiﬁcation.
For each challenged microorganism spiked in sterile water,
tests were performed at the following targeted spike levels
per sample: 0CFU, 5CFU, 25CFU, 50CFU, 75CFU, and
100CFU.MilliﬂexQuantummethodandtraditionalmethod
were performed at the same time. Fluorescence and viability
recoveries were calculated and a Student’s two samples t-test
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notstatisticallydiﬀerentfromthetraditional Milliﬂexcounts
(P value ≥ 0.05).
Linearity, range, and limit of quantiﬁcation were estab-
lished from the data generated during the accuracy test.
Acceptance criteria for linearity include an R2-value greater
than 0.95 (United States Pharmacopeia) and a linear regres-
sion slope between 0.8 and 1.2.
2.4.6. Limit of Detection. The microorganisms used for
accuracy testing were adjusted separately to approximately
3–5CFU per 100mL until at least 50% of the samples
showed growth in the compendial method. Twenty replicate
samples were assessed with each microorganism with each
method. As the aim of the test was to demonstrate that
the Milliﬂex Quantum method enabled to detect 1CFU, the
method had to detect at least one time 1CFU during the
experiment. Furthermore, a Student’s two samples t-test was
performedtocheckiftheMilliﬂexQuantumcountswerenot
statistically diﬀerent from the traditional Milliﬂex counts (P
value ≥ 0.05). Finally, the equivalence between the Milliﬂex
Quantum proportion of growth and the traditional method
proportion was assessed with a Chi2-test (P value ≥ 0.05).
2.4.7. Speciﬁcity. The speciﬁcity of Milliﬂex Quantum
method was established from the data generated during the
robustness and accuracy tests, where a panel of microorgan-
isms was tested.
2.5. Detection of Microorganisms in Pharmaceutical Process
Waters. In-process nonsterile water samples were taken at
diﬀerent steps of the water treatment process in 5 pharma-
ceutical plants. These various types of puriﬁed waters were
diluted in 100mL of 0.9% NaCl water (B. Braun Medical)
and ﬁltered. Membranes were placed onto R2A plates (Mil-
lipore) and incubated at 32.5◦C (European Pharmacopeia
General Monographs: Water For Injections; Water Highly
Puriﬁed; Water Puriﬁed). Several incubation times were
tested to assess the minimal incubation time required for the
ﬂuorescence detection. After incubation, membranes were
stained following the Milliﬂex Quantum protocol. Mem-
branes were reincubated onto R2A plates (Millipore) for
visualcountingofCFUandcontaminantsidentiﬁcation.The
compendial method was performed in parallel. Fluorescence
and viability recoveries were determined in comparison with
the compendial method.
3. Results
3.1. Milliﬂex Quantum Method Validation
3.1.1. Incubation Time Robustness. The robust incubation
time range required for detection with Milliﬂex Quantum
was evaluated on 10 microorganisms. Table 1 summarizes
results obtained. Conforming detection of microorganisms
was achieved after 22h of incubation for Candida albicans
and after 28h for Aspergillus brasiliensis. The minimal
incubation time to detect Escherichia coli and Bacillus subtilis
was 8h and 9h, respectively. The environmental isolate of
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Figure 1: Determination of the robust incubation time range
required to detect Aspergillus brasiliensis with the Milliﬂex Quan-
tum method (n = 10). Fluorescence recovery (, solid line);
viability recovery (•, dashed line). Standard deviation is denoted by
theverticalbars(delineatedwith—forviabilitystandarddeviation).
Caulobacter sp. was detected after 28 hours. The other 5 bac-
teria tested needed between 12h and 22h of incubation. The
Milliﬂex Quantum method was demonstrated to be robust
over several incubation times for each strain (ﬂuorescence
and viability recoveries ≥ 70% and ANOVA P value ≥ 0.05,
n = 10). These incubation time ranges were used during
the further tests of the method validation. Recoveries results
over the whole tested incubation time range obtained with
Aspergillus brasiliensis are presented as example in Figure 1,
whichprovestheresultsstabilityandmethodrobustnessover
the 4-hour tested range.
3.1.2. Ruggedness. Using diﬀerent media lots, membrane
lots and reagent lots has no signiﬁcant eﬀect on Milliﬂex
Quantum results as ANOVA results proved that ﬂuorescence
and viability recoveries were statistically equivalent in all
tested conditions (data not shown). Reproducibility of tests
results is guaranteed as well with diﬀerent operators and
equipment sets. Therefore, the method’s performance is
ensured in terms of ruggedness.
3.1.3. Accuracy, Linearity, Range, and Limit of Quantiﬁcation.
Candida albicans was accurately detected with the method
at each tested contamination level (Table 2)a sﬂ u o r e s c e n c e
recoveries ranged from 98% to 102% and viability recoveries
from 97% to 102%. Moreover, no statistical diﬀerences
between Milliﬂex Quantum and traditional method (Stu-
dent’s two samples t-test; P ≥ 0.05) were found. Similar
results were obtained with Aspergillus brasiliensis, Escherichia
coli, and Bacillus subtilis (data not shown).
Linearity, range, and limit of quantiﬁcation results
obtained with microorganisms tested are showed in Table 3.
A linear correlation between either ﬂuorescence counts or
viability counts and counts obtained with the compendial
method were demonstrated since R2-values varied from 0.95
to 0.98. The detection observed with Milliﬂex Quantum
ranged from 0CFU with each microorganism to 97 to
163CFU, depending on the microorganism tested.
Limits of quantiﬁcation of the Milliﬂex Quantum
method were demonstrated to be between 4 and 10CFU, de-
pending on the microorganism tested. These levels are equal4 The Scientiﬁc World Journal
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to or lower than the corresponding limit of quantiﬁcation of
the compendial method except with Aspergillus brasiliensis.
With this strain, the limit of quantiﬁcation of Milliﬂex
Quantum method was found to be 10CFU, while, 9CFU
was the level demonstrated with compendial method. This
latter result is explained by the Aspergillus morphology. Due
to ﬁlaments and colonies merging, the colonies are more
diﬃcult to count with the traditional method. The Milliﬂex
Quantum allows earlier counting, with the microcolonies
being smaller and separated.
3.1.4. Limit of Detection. The method was proved to detect
1CFU of Candida albicans, Aspergillus brasiliensis, Bacillus
subtilis, and Escherichia coli (data not shown). The Milliﬂex
Quantum method gave equivalent result to the traditional
method (Student’s two samples t-test, P ≥ 0.05). The Chi2-
test demonstrated as well the equivalence of results since
proportion of growth is similar for the 2 methods (Chi2-test,
P ≥ 0.05).
3.1.5. Speciﬁcity. The speciﬁcity of the Milliﬂex Quantum
method was conﬁrmed as all challenged microorganisms
were successfully detected during robustness and accuracy
tests.
3.2. Detection of Microorganisms in Pharmaceutical Process
Waters. Diﬀerent puriﬁed waters were sampled in 5 diﬀerent
pharmaceutical plants, at various stages of the pipes. Table 4
summarizestheresultsobtainedatincubationtimesallowing
conforming results with Milliﬂex Quantum and allowing a
stable count with the traditional method.
The contaminants of tested pharmaceutical waters were
detectedwithMilliﬂexQuantumwithinatimerangeof24to
40 hours. In comparison, 5 to 7 days were needed to visually
count all colonies with naked eyes. The Milliﬂex Quantum
detected the contaminants in waters from 3- to 7-fold faster
than the compendial method.
After staining and reincubation, the viability rate con-
formed to acceptance criteria, proving the nondestructive-
ness of the Milliﬂex Quantum method. Identiﬁcations using
the MicroSEQ platform (Applied Biosystems, Carlsbad,
CA, USA) were performed on some colonies stained and
reincubated. Common water contaminants as Rhodococcus
sp. and Delftia acidovorans and very slow-grower strains as
Aquabacterium parvum and Pelomonas saccharophila were
identiﬁed, proving that the Milliﬂex Quantum method is
fully compatible with identiﬁcation technology.
3.3.SpeciﬁcCaseStudy:DetectionofSlowGrowerMicroorgan-
isms in Pharmaceutical Process Water. In-process nonsterile
pharmaceutical water samples were collected after double
reverse osmosis, UV and ozone exposure. Microorganisms
being highly stressed in these conditions, an incubation time
range from 1 to 7 days was applied before detection with
Milliﬂex Quantum and parallel compendial counting were
performed until 21 days.
Figure 2 compares counts obtained with both methods.
With the compendial method, all counts increased up to
0
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Incubation time (days)
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Figure 2: Detection of contaminants in pharmaceutical process
water: comparison between ﬂuorescence counts obtained with the
Milliﬂex Quantum method (dashed) and counts obtained with the
compendial method (solid grey) (n = 5). Standard deviation is
denoted by the vertical bars.
14 days of incubation and remained stable between 14 and
21 days. The compendial count at 14 days was chosen as
the reference for recoveries calculations. The ﬂuorescence
recoveries conformed to acceptance criteria from 4 days of
incubation, compared to the compendial count obtained
after a 14-day incubation (Figures 3(a) and 3(b)). Viability
recoveries were calculated comparing CFU count after a 14-
day incubation on membrane stained with Milliﬂex Quan-
tum and CFU compendial count at 14 days (Figure 3(a)).
Conforming viability detection was achieved on membranes
stained after 4 days of incubation. The Milliﬂex Quantum
allowed reducing the time-to-results 3.5-fold by detecting
accurately contaminants after only 4 days. Identiﬁcations
by sequencing were performed either on reincubated mem-
branesafterstainingoroncompendialmembranes.Fourteen
genii were identiﬁed: for example, Variovorax paradoxus,
Aﬁpia broomeae,a n dBradyrhizobium japonicum. The latter
was the slowest microorganism present in the samples as
almost all colonies becoming visible after the 5th day of
incubation or reincubation had the macroscopic aspect of
Bradyrhizobium japonicum.
4. Discussion
We report the validation of the Milliﬂex Quantum method
andtheevaluationofitsperformancesfortherapiddetection
of total microbial contaminants in pharmaceutical water
samples. This new rapid method was compared to the
traditional membrane ﬁltration method for all tests carried
out. The Milliﬂex Quantum method was demonstrated to be
reliable, robust, speciﬁc, accurate, and linear over the whole
range of assays following these guidelines.
Milliﬂex Quantum was demonstrated to detect accu-
rately contaminants in 7 pharmaceutical process waters after
24 to 40 hours of incubation, in comparison with 5 to 7 days
with the traditional method. An additional sample of highly
puriﬁed water containing very high stressed microorganisms
required 14 days to detect contaminants with the culture-
based procedure, whereas Milliﬂex Quantum enabled to
shorten this time-to-result to 4 days. Therefore, Milliﬂex8 The Scientiﬁc World Journal
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Figure 3: Detection of contaminants in pharmaceutical process water. (a) Fluorescence recovery (•, solid line); viability recovery (, dashed
line). Viability recoveries were calculated comparing CFU count after a 14-day incubation with both methods. Each viability recovery is
placed on the plot with the incubation time before staining with Milliﬂex Quantum as abscissa value. (b) Example of picture taken after
staining of membrane incubated for 4 days on R2A plate at 32.5◦C.
Quantumallowsaccurateenumerationofcontaminantswith
time-to-results that are 3- to 7-fold shorter than traditional
method. Gram-negative and Gram-positive bacteria, as well
as yeasts and molds are universally detected with high sensi-
tivitybythealternativemethod.Someadditionaltestsproved
the time-to-results can be shortened if microorganisms are
incubated in optimal growing conditions, following micro-
biological literature instead of Pharmacopeia guidelines.
For instance, Pseudomonas aeruginosa and Staphylococcus
aureus were accurately detected after 9 hours on TSA at
37◦C, instead of, respectively, 16 hours and 12 hours at
the 32.5◦C temperature recommended by the Pharmacopeia,
and Aspergillus brasiliensis needed 17 hours at 37◦Cv e r s u s
28 hours at 22.5◦C (data not shown). Validation of the
Milliﬂex Quantum method, in optimal conditions, as an
alternative method for control of microbiological quality is
consistent and would enhance time-to-results performances
of the Milliﬂex Quantum system.
The Milliﬂex Quantum method utilizes mixed cellulose
ester membrane ﬁltration for sample preparation, which
ensures consistent and reliable results. Large sample volume
up to several hundred milliliters can be processed to monitor
microbiological quality of very low-contaminated samples.
PCR allows testing only small volumes (generally 0.1 to
1mL) after complex sample preparation methods and FCM
available systems are limited to the treatment of a 1mL
volume of sample.
As ﬂuorescent detection is based on metabolism activity
of cells, needing integrity of membranes, Milliﬂex Quantum
enables enumeration of all viable-culturable cells, after a
short incubation step. Molecular-based methods are unable
to distinguish between live and dead cells, which is a
shortcoming of methods like PCR [5, 6]. On the other
hand, FCM detection needs to be combined with diﬀerential
staining techniques to enumerate speciﬁcally viable cells.
Viable-culturable cells ﬁnal result can only be calculated by
comparison with the number of plate count, thus requiring
the growth and visualization of colonies on traditional agar
plate after one or several days incubation [7].
The method was proved to detect 1CFU while reaching
this sensitivity level with molecular-based method requires
development of complex and often laborious sample prepa-
ration methods [8]. The SPC’s claimed sensitivity is 1CFU
with immediate detection but discrimination is often diﬃ-
cult to distinguish between microorganisms and dust and
raw results can only be analyzed by high skilled operator
after a long speciﬁc training. On the other hand, FCM is
not adapted to the detection of rare event and enables direct
counting of contamination levels down to 100–200 cells per
mL [9, 10]. Moreover, this technology remains complex to
be implemented routinely as data analysis is sophisticated
and needs experienced operators [1, 11]. Therefore, FCM
is perfectly suitable to monitoring of drinking water and
wastewater treatments, whereas followup of microbiologi-
cal quality of pharmaceutical or biopharmaceutical waters
remains very limited as they may contain very low numbers
of viable microorganisms [12].
The staining procedure was demonstrated to be nonde-
structive since colonies grow after staining and reincubation
and can be collected for identiﬁcation. Sequencing allowed
identifying natural contaminants of tested pharmaceuti-
cal waters. Moreover, all standard identiﬁcations methods
(Gram-staining, biochemical tests, PCR, etc.) were applied
successfully on other samples after ﬁltration, staining, and
reincubation to prove their compatibility with the Quantum
procedure (data not shown). The nondestructiveness of the
method is an advantage over molecular-based and adenosine
triphosphate-based bioluminescence methods, which do not
enable to recover and identify contaminants in case of a
positive result.10 The Scientiﬁc World Journal
Implementation and use of new rapid method by indus-
tries are limited, among others, by regulatory acceptance
[1, 10]. Milliﬂex Quantum method is a membrane-ﬁltration
and growth-based procedure, very close to the principle of
the compendial method. Sample preparation and incubation
conditions remain identical to traditional microbiology.
These features have the advantage to facilitate validation and
reassure regulation agencies for their acceptance of rapid
methodasroutineprocedureforwatermonitoring,replacing
longer traditional methods.
Milliﬂex Quantum was demonstrated to be compatible
and eﬃcient in beverages and raw materials matrices (data
not shown). The method has been also evaluated for its ap-
plicability in the detection of low concentrations of microor-
ganisms in animal cell cultures and cell culture media.
Combined to a fast pretreatment method to selectively lyse
mammalian cells, the time-to-results were 2–5 times shorter
than traditional method [13]. This feature is of great inter-
est for monitoring biotechnology processes including high
contaminated cells bioreactors.
We demonstrate in this paper that Milliﬂex Quantum is
a validated and reliable tool enabling the rapid detection and
enumeration of microbial contamination in pharmaceutical
process waters. This easy-to-use protocol and simple system
is totally suitable to be implemented in routine for the
monitoring of puriﬁed water. The Milliﬂex Quantum system
c a nb ea p p l i e dt oaw i d er a n g eo fﬁ l t e r a b l ep r o d u c t sa si tw a s
proved to be eﬀective as well with beverages, raw materials,
and mammalian cells contaminated matrices.
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